The terahertz part of the electromagnetic spectrum possesses numerous promising applications such as high-speed wireless communication, security screening, chemical identification and non-destructive biosensing.
1 However, the terahertz spectral region has remained technologically uncharted, due to the lack of efficient devices to generate, manipulate and detect terahertz waves. 2 In the past decade, there has been a significant progress in active control of terahertz waves using metamaterials integrated with active materials and are popularly termed as "terahertz metadevices". [3] [4] [5] [6] Metamaterial is an array of subwavelength sized resonators whose electromagnetic properties are primarily determined by the resonator geometry, which makes them functionally rich and spectrally scalable. Furthermore, metamaterial resonators provide strong confinement of electromagnetic fields in a substantial subwavelength region providing enhanced light-matter interaction. This has led to the development of energy efficient terahertz switches, 7 spectrally tunable filters, 5 efficient polarizers, 8 beam steerers 9 and high-performance sensors 10 . A wide array of active materials are explored for the realization of terahertz metadevices including semiconductors (Si, Ge, GaAs, perovskites), 3, [11] [12] [13] liquid crystals, 14 2D materials (graphene, MoS2), [15] [16] [17] superconductors, [18] [19] [20] [21] and phase change materials (VO2, GeTe). [22] [23] [24] [25] However, most of these approaches are limited to a single functionality in terms of switching between binary states, fixed modulation speed, and volatile response. Furthermore, these active materials are usually responsive to a single driving field, one of electrical, thermal, or optical stimulus, which seriously hinders the applicability of metadevices for multidimensional manipulation of terahertz waves. Phase change materials with contrasting material properties at different crystallographic phases would be an ideal material platform for the realization of multifunctional terahertz metadevices. 26 The most popular choice of phase change materials for terahertz metadevices has been vanadium dioxide (VO2), which has been exploited for varied functionalities enabled by its sharp metal to insulator phase transition. 22, 24, 27, 28 However, the practical applicability of VO2 for terahertz metadevices are hindered by its limited multilevel response, non-volatility at elevated temperature, predefined singular ultrafast optical response and complexity of fabrication. 26 Alternatively, chalcogenide phase change materials undergo phase change mediated by nucleation dynamics. 29 Hence, by continuously varying the proportion of crystalline phases in the amorphous matrix, we can achieve analog response rather than binary switching states.
More importantly, the analog states are non-volatile with zero hold power. 30 Preliminary study on chalcogenide phase change material, germanium telluride (GeTe), for active terahertz control with non-volatility has been reported. 25 However, the versatile nature of the chalcogenide phase change materials and their potential in multidimensional terahertz wave manipulation remains largely unexplored. Traditionally, Germanium antimony telluride (GST)
was the popular choice of chalcogenide phase change material that fuelled the optical memory era, owing to the best combination of higher switching speed and longer state retention time. 31 In more recent times, GST has led to the demonstration of various hallmark nanophotonic devices, such as integrated all-photonic non-volatile memory, 32 optical colour rendering, 33 nanopixel displays 34 and reconfigurable nanoplasmonics devices. 35, 36 The applicability of GST for various photonic technologies comes from its three crystallographic phases -amorphous, metastable FCC (face centred cubic) and stable HCP (hexagonal close packed) lattice structures, which possess strikingly different electronic and optical properties. However, the exploration of GST has been largely limited to visible and infrared frequencies. 37 Here, we report GST integrated with resonant metamaterial devices for multidimensional control of terahertz waves. The versatile and unique properties of GST allow for the realization of various terahertz functionalities such as thermally switched multilevel non-volatile states, electrically controlled spatial light modulation and optically controlled ultrafast resonance switching. These unique features could be utilized in conjunction with each other and would enable novel devices for advanced manipulation of terahertz waves. Furthermore, the simplicity of the device fabrication allows for the translation of these multifunctional metadevices on to flexible substrates, thereby opening new avenues for potential applications.
GST is a ternary compound made of varying proportions of germanium (Ge), antimony (Sb) and tellurium (Te). Here, we use Ge2Sb2Te5, which is the most widely used stoichiometry of GST for photonic devices. Thin film of GST was sputter deposited from Ge2Sb2Te5 stoichiometric target on to quartz substrate (see Methods). Raman spectroscopy was used to characterize the phase of the sputter deposited GST film (see Methods). The as-deposited GST film is amorphous as shown in Figure 1a (see Supplementary Figure 1 ). The crystallization temperature of GST film to FCC phase has been reported as ~ 150 °C and to HCP phase as ~ 250 °C. 38 For our experiments, GST samples were annealed at temperatures of 180 °C and 260
°C for 60 mins in ambient conditions. The inspection of the film under optical microscope after annealing process showed no signs of film degradation (see insets of Supplementary Figure 2b and 2c). However, when the annealing was increased to 325 °C, light and dark spots were observed indicating lateral inhomogeneity in the GST film (see inset of Supplementary Figure   2d ). Hence, we have refrained from using very high temperature (> 260 °C) annealing conditions. Raman spectra for the GST film before and after 180 °C and 260 °C annealing is shown in Figure 1a . Multiple spots over the film surface were characterized using Raman spectroscopy to confirm uniformity and consistent film quality (see Supplementary Figure 2 ).
The detailed analysis of the Raman peaks and their evolution with annealing temperatures were carried out (see Supplementary Figure 3 and Supplementary Figure 4) . It supports the phase identification performed via Raman Spectroscopy. The terahertz properties of GST film were characterized using terahertz time domain spectroscopy system (see Methods). The terahertz optical constants were extracted from the transmitted terahertz time signal through the GST film with quartz substrate as reference (See Supplementary Figure 5) . The extracted terahertz conductivity of asdeposited, 180 °C and 260 °C annealed GST films shows remarkably contrasting values as presented in Figure 1b (see Methods). A strong increase in terahertz conductivity is observed with increasing order of crystallinity in GST film, similar to the trend reported for DC conductivity. 39 The terahertz conductivity of as-deposited GST film is ~4 S/cm and increases to ~40 S/cm and ~350 S/cm for 180 °C and 260 °C annealed films, respectively. Further, a more continuous change in terahertz conductivity, i.e. an analog response, can be achieved by finely manipulating the percentage of crystalline sites in the as-deposited GST films through control of annealing time at specific temperature. It is also important to note that these analog states of GST are non-volatile with zero hold power and are expected to have retention time of years. 40 We exploit the continuously varying terahertz conductivity of GST thin film for functional terahertz metadevices by integrating with resonant metamaterials. Asymmetric split ring resonator (ASRR) is chosen as the metamaterial unit cell. The ASRR is a ring resonator with dual split capacitive gaps on opposite arms, and one of the gaps is displaced from the central position to create a structural asymmetry as shown in Figure 1c . When terahertz wave with electric field polarized perpendicular to the gap bearing arms is shone on the ASRR metamaterial at normal incidence, a sharp asymmetric Fano resonance and broad dipole resonance are excited (see Supplementary Figure 6a and 6b). The Fano resonance is identified by its characteristic circulating current configuration in the ASRR, while at dipole resonance, the currents are oriented parallel to the incident electric field in two arms of the ASRR (see insets of Supplementary Figure 6b ). The high Q asymmetric Fano resonance in the ASRR arises from the structural asymmetry, which leads to an interference between a sharp discrete resonance and a much broader continuum-like spectrum of dipole resonance. This narrow resonance arises from a sub-radiant dark mode for which the radiation losses are completely suppressed due to the structure's weak coupling to free space. Fano resonance is selected for our study, owing to their high Q response that enables enhanced sensitivity to external perturbations and is quintessential for probing the analog switching states of GST. 13 The optical image of the fabricated hybrid GST-Fano metadevice (GFMD) is shown in Figure 1c Electrical control of terahertz response is extremely critical for the realization of miniaturized solutions and spatially selective reconfiguration. 41, 42 The spatial localization aspect of electrical control was exploited to demonstrate 2 x 2 multicolor spatial light modulator (SLM) for terahertz waves. Electrical switching of GST is mediated by Joule heating, which was confirmed by Raman spectroscopy (see Supplementary Figure 9 ). The signaling path of applied current was isolated to achieve independent control of each quadrant of the GFMD, thereby the current was increased to 700 mA at which point, Fano resonance was modulated by ~25 %.
The modulation was further increased to ~75% for 800 mA and was completely modulated at 850 mA (see Supplementary Figure 10a ). We could readily achieve finer levels of resonance modulation by controlling the applied current and/or hold time. When FR1 was switched, the resonances of other parts of SLM (FR2, FR3 and FR4) remained unchanged as shown in Figure   2c . Following the initial demonstration of spatial selective switching, the sequential switching of 2 x 2 SLM with variable multilevel states was implemented (see Supplementary Figure 10) and the corresponding Fano resonance modulation is shown in Figure 2d . Each of the FRs were switched through varied multiple states to the final complete Fano resonance modulation.
It is important to note that to achieve spatial selectivity, we kept the stimulus time relatively short (~15 s) and increased the current value, to avoid the spread of thermal energy to other The earlier proposed switching schemes of using thermal and electrical stimulus provide slower switching speeds in timescales of seconds or higher, which is desirable for certain applications.
Alternatively, ultrafast control of terahertz waves is critical for development of modulators, encoders and multiplexers to be used in high-speed terahertz wireless communication systems. 43, 44 Here, we exploit the semiconducting nature of GST in the different crystallographic phases to achieve variable ultrafast volatile terahertz switching under optical excitation. The band gap of amorphous and crystalline GST is reported to be ~ 0.8 eV and 0.5 eV, respectively. 39 When the GST film is optically pumped with photon energy of 1.55 eV, the free carriers generated increases the film conductivity, and hence leads to a corresponding decrease in the terahertz transmission. These photoexcited free carriers decay rapidly to their equilibrium state in picosecond timescales. The precise recombination rate which determines the switching speed of the device, can be manipulated by varying the crystallinity of GST film.
The ease of controlling the crystalline order of chalcogenide phase change materials provides an important advantage over other semiconducting materials such as silicon, 13 germanium, 11 gallium arsenide, 3 perovskites, 12 and 2D materials 17 . The photoexcitation and relaxation dynamics of charge carriers in as-deposited, 180 °C and 260 °C annealed GST film with 1.55 eV optical pump is measured using the time resolved terahertz time domain spectroscopy system (see Methods). The normalized differential change in terahertz transmission due to pump (|∆T/T|) with varying pump-probe delay time (∆τ) for the fluence of 636.6 µJ/cm 2 is shown in Figure 3a . The charge carrier dynamics of GST thin film were also measured for pump fluences of 127.3, 318.3, 636.6, 954.9, 1273.2 µJ/cm 2 (see Supplementary Figure 11 ).
The photoconductivity was extracted from maximum value of |∆T/T| as shown in Figure 3b (see Methods and Supplementary Figure 12) . For a given pump fluence, the photoconductivity was lower for as-deposited case and increases strongly for 180 °C and 260 °C annealed GST films. However, the relaxation process was much faster for as-deposited case compared to 180 °C and 260 °C annealed GST film as seen from the extracted decay constant shown in Figure   3c (see Supplementary Figure 13 ). Furthermore, the charge carrier dynamics of 180 °C annealed GST thin film with varying annealing time was characterized (see Supplementary Figure 14) . Interestingly, the charge carrier dynamics of the GST film annealed for even 5 mins was similar to the 60 mins annealed film. From application perspective, the choice of crystalline order in GST film would be determined based on the desired switching power and operational speed of the devices, which form the trade-off parameter set.
To determine the device level performance, the terahertz transmission response of as-deposited GFMD was characterized with varying optical pump fluence as schematically shown in Figure   3d (see Supplementary Figure 15a ) and the corresponding Fano resonance modulation is shown in Figure 3e . The Fano resonance modulation increases with pump fluence due to the increase in photoconductivity of as-deposited GST film, however it saturates at ~500 µJ/cm 2 , corresponding to the photoconductivity of ~15 S/cm. To probe the optical response of crystalline GST, the annealing time at 180 °C for as-deposited GFMD was limited to 10 mins, since 60 mins annealing would completely quench the Fano resonance as shown Figure 1e .
The Fano resonance was modulated due to increased terahertz conductivity of the GST film, but was still experimentally observable. More importantly, the ultrafast optical response of the GST film annealed for 10 mins was similar to 60 mins annealed films (see Supplementary GST as a phase change material system provides unique response to varied external stimuli such as thermal, electrical and optical, and combined with the functionally rich metamaterial platform would be a route for developing novel and advanced manipulation of terahertz waves.
The multilevel non-volatile resonance switching of thermally triggered GFMDs provides a pathway for memory metadevices, 15, 22 OTP logic devices, 45 variable attenuators, and frequency agile filters operating in terahertz spectral region. Furthermore, based on the added spatially selective control enabled by electrical stimulus, we can envision novel photonic devices such as neuromorphic metadevices, where the single final state of the system will be determined by the combined response of the electrically pre-weighted unit-cells of the GFMD to the incoming terahertz signal. 46 The optical response of GST provides a completely new palette of material properties such as ultrafast response in picosecond timescales, volatile resonance switching, and non-contact terahertz control. More importantly, the terahertz properties of GST can be altered continuously by varying its phase composition. The possibility of using these properties of GST in conjunction would enable a complete control of terahertz waves in terms of spectral, spatial and temporal domains. The ease of translation of GST into flexible devices expands the potential application scope of functionally rich terahertz metadevices involving irregular geometries and topologies. However currently, large area reamorphization of crystalline phases of GST is a challenge that needs to be overcome for the potential commercialization of GST based terahertz metadevices. The earlier reports on GST based reconfigurable photonic devices have been limited to nanoscale or microscale dimensions and multicycle phase reconfiguration of GST over an area of few 100's of µm 2 is well-established using ultrafast laser pulse, 36 but scaling it to cm 2 is a technical challenge.
Recently, reamorphization of GST thin film over large area has been successfully demonstrated using irradiation with Ar+ 47 and Ge+ 48 ions. This could provide a viable pathway for the realization of reversible and multicycle reconfigurable GST based large scale terahertz metadevices.
In summary, the chalcogenide phase change material germanium antimony telluride with its varied and unique material properties and functionally diverse metamaterial forms perfectly complementing technologies for multidimensional control of terahertz waves. The proposed hybrid GST integrated Fano resonant metadevices show novel terahertz functionalities such thermally triggered analog switching states with non-volatility, temporally and spatially resolved resonance switching with electrical stimulus and variable ultrafast, volatile resonance switching with optical control. The most important advantage provided by GST is that all of these unique responses for different external stimulus can be operated in tandem to achieve functionally advanced terahertz devices. Additionally, the ease of translation of these highly functional metadevices to flexible substrates opens up its wide application potential involving irregular curvatures and random topologies. Thus, our hybrid phase change-photonic framework is highly functional, extremely versatile and spectrally scalable and will aid in the development of a wide array of novel high-performance terahertz metadevices. 
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